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ABSTRACT

A wind-tunnel study to find the lift and drag

characteristics of a low-aspect-ratio wing/body configuration

from an angle of attack (AOA) of -8 to 50 degrees was

conducted. A further study to find the comparative lift

enhancement using the same wing/body with a close-coupled

canard for wing/body angles of attack of 10, 22, 34, 40, and

48 degrees and canard deflection angles from -25 to 25 degrees

was carried out. It was found that a properly-located canard

enhanced the lift at all tested angles of attack, compared to

the baseline wing/body configuration results. The lift

enhancement was maximized in the post-stall regimes, reaching

values up to 34%. A small improvement in lift-to-drag ratio

was noted at all tested angles above 10 degrees angle of

attack.
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I. BACKGROUND

A. AIRCRAFT AGILITY

In future air-to-air combat scenarios the aircraft that is

the most maneuverable while at the same time controllable will

in all likelihood win the engagement. Winning an air-to-air

engagement against another agile fighter using all-aspect

missiles, such as the AIM-9L, requires the ability to out

maneuver the opposition to point and shoot first. [Ref. 1]

In close-in combat with another agile fighter the aircraft

that "wins" will have three advantages over its opponent.

First, the aircraft will need the ability to "outpoint" its

opponent. The aircraft that points at its opponent first has

the first opportunity to launch a "fire-and-forget" weapon.

Second, the aircraft must have the ability to keep the nose of

the aircraft pointed at the oppositioiA for a longer time. The

aircraft that can point longer has the capability to maneuver

at higher turn rates for longer periods than the opposition.

Maintaining nose-point longer than the opposition enables the

aircraft to defend itself against aircraft other than the

target or to engage multiple targets. Third, the aircraft

must have a greater straight-ahead acceleration than the

opposition. Greater acceleration gives the ability to escape



the battle or to reengage the opposition to the advantage of

the agile aircraft. [Ref. 1]

To outpoint, turn faster, and accelerate faster than an

opponent the aircraft must be supermaneuverable.

Supermaneuverability is a blend of post-stall maneuvers and

the use of sideslipping or direct force control. Post-stall

manueuverablity (PST) is the capability to tactically maneuver

the aircraft in a controlled fashion beyond the maximum lift

angle of attack. Direct force-control maneuver (DFM) is the

ability to change the aircraft's yaw and pitch independent of

flight path or to maneuver the aircraft at constant fuselage

attitude. A PST maneuver sacrifices energy for a positional

advantage. A typical PST maneuver involves rapidly pitching

the aircraft to a high angle of attack and maintaining this

condition for 2 to 3 seconds. The aircraft that maneuvers in

the PST regime will complete a tactical maneuver in less time

and space than an aircraft not executing a PST maneuver.

Unfortunately there are a number of limitations which prevent

a conventional aircraft from performing a PST maneuver. [Ref.

2]

At high angles of attack, the flow tends to separate from

the wing surface. The center of pressure and neutral point

move aft with respect to the center of gravity as the airflow

separates from the wing surface at the maximum lift angle of

attack. The control surfaces are also losing their

effectiveness at the same time. The result is that the
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aircraft encounters severe trim and stability problems when it

has the greatest control power requirements and is the least

controllable. At angles of attack greater than 30 degrees, an

additional reaction control system is necessary for pitch and

yaw. The deflection of the engine thrust is one of the

proposed methods for a reaction control system. In general,

at angles of attack greater than 50 degrees, engine thrust

vice aerodynamic lift provides the necessary lift and control.

[Ref. 2]

A DFM is used to aim the fuselage at the opponent

independent of flight path for more precise firing solutions.

Studies have shown that for a rear hemisphere attack, an

elevation aiming ability of at least 6 degrees and an azimuth

aiming ability of about 4 degrees would be advantageous. With

conventional aircraft, elevation aiming can be achieved to a

limited extent through the use of wing flaps in conjunction

with elevator deflection. Azimuth aiming for a conventional

aircraft would involve the use of special control surfaces and

an associated flight control system. [Ref. 2]

An example of a proposed supermaneuverable aircraft is the

X-31. The X-31 aircraft uses a long-coupled canard for

controllability with thrust vectoring to be supermaneuverable

in the post-stall flight regime. Figure 1 shows the

difference between a close- and long-coupled canard. More

will be noted on the difference directly. When the angle of

attack is increased to the point where the aircraft begins to

3



stall, computer-controlled thrust vectoring comes into play.

The thrust vectoring is provided by three curved paddles that

can move into the exhaust stream to deflect the flow. The

ability to successfully use thrust vectoring assumes adequate

control to prevent spin departure. [Ref. 3]

LONG-COUPLED CLOSE-COUPLED

Figure 1. Types of Canards [Ref. 6]

Herbst states, "Unfortunately there is a progressive

effect of thrust versus weight on weight and cost and even an

asymptotic limit." [Ref. 21 A prohibitive cost limit in the

race to achieve greater thrust-to-weight would imply aircraft

such as the X-31 that extensively use thrust vectoring may not

be built in sufficient numbers to counter the opposition's

agile aircraft. Accordingly, other methods of obtaining

maneuverability and control in the post-stall regime warrant

increased investigation. [Ref. 2]
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One such area of increased interest is dynamic stall.

Dynamic stall is a complex event where there is a "...dynamic

delay of stall on a wing's airfoil experiencing unsteady

motion, to angles significantly beyond the static stall

angle." [Ref. 4] The delay of stall is usually followed by

large changes in lift and pitching moment. Dynamic stall was

first observed on helicopter blades. It was found that

increased lift could be obtained by rapidly pitching the

airfoils. The increased lift was due in part to the vortex

formed on the airfoil during the unsteady motion. It was

found that the increased lift due to dynamic stall could also

be utilized by fighter aircraft when the aircraft was rapidly

pitched. This increase in lift due to dynamic stall, as

noted, is an unsteady time-dependent phenomenon. At the

present time predictable control of this unsteady, separated

flow for increased lift has not been achieved. Accordingly,

other potential methods for lift enhancement such as the use

of a close-coupled canard/wing are receiving increased

attention. (Ref. 4]

B. CANARD/WING INTERACTION

Increased agility through the use of a close-coupled

canard configuration for enhanced lift has been the subject of

growing scientific interest and practical aeronautical

application. In the 1960's Behrbohm established that a close-

coupled canard with the canard and wing of aspect ratios
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between 1 and 3 had an increased coefficient of lift over

their non-canard counterparts. The increased maximum CL in

turn contributed to an increase in the angle of attack that

could be achieved. The increase in maximum CL was due to

constructive interference between the vortex systems of the

wing and canard. It is thought that constructive interference

occurs when the downwash from the canard suppresses the flow

separation on the wing. The formation of wing leading-edge

vortices are delayed until induced downwash of the canard

supports flow separation. The longer the flow separation is

delayed, the greater the lift enhancement. [Ref. 5]

The translation of theory into reality was realized with

the SAAB AJ-37 Viggen aircraft. The Viggen aircraft uses a

close-coupled canard that was able to generate a 65 percent

greater maximum C. at approach than a pure delta wing. The

Viggen aircraft successfully took advantage of favorable

vortex wing-canard interactions to achieve greater lift which

allowed the aircraft to lower its landing and takeoff speed

for a STOL capability. [Ref. 6] Figure 2 illustrates the

canard/wing vortex interaction of the SAAB Viggen [Ref. 7]

The use of a close-coupled canard on the SAAB Viggen also

gave the aircraft much greater trim control compared to a

tailless delta-winged aircraft such as the Mirage III. The

lack of a horizontal tail on aircraft such as the Mirage III

requires the use of elevons, which are deflected upward to

create a down thrust to rotate the aircraft for landing and
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takeoff. The elevons have a much shorter moment arm than a

horizontal tail, which in turn requires that the elevons be

large to be effective. The elevons exact a weight penalty of

as much as two tons, but more importantly decrease the

effective lift of the aircraft, just the opposite of what is

needed for enhanced takeoff and landing ability. The SAAB

Viggen uses a large canard with trailing-edge flaps. During

takeoffs and landings the Viggen has lift from the main wing,

lift from the canard, plus lift from the downward-depressed

main wing elevons. The result is that the Viggen has a much

shorter takeoff and landing distance than the Mirage III.

[Ref. 7]

Figure 2. Canard/Wing Vortex Interaction [Ref. 7]

Stoll and Koenig demonstrated that the maximum lift of a

close-coupled canard model was 34 percent greater than a non-
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canard version of the same model. Furthermore, the increase

in lift could not be solely attributed to an increase in wing

reference area. The wing reference area of the canard-wing

model was only 15 percent greater than that of the wing-alone

model. [Ref. 8)

Er-El and Seginer found that a close-coupled canard placed

upstream and above a 60-degree swept wing delayed the onset of

wing-leading-edge vortex breakdown for an angle-of-attack

range from 14 to 24 degrees. But significantly, the use of a

close-coupled canard/wing did not always result in improved

aerodynamic characteristics. Improved lift was dependent upon

proper longitudinal positioning of the canard. Er-El and

Seginer did not rigorously establish what this longitudinal

position should be, but that was not the objective of their

study. (Ref. 9]

Calarese tested a model with the canard placed above the

wing and coplanar to the wing. At all angles of attack, the

canard mounted above the wing created a more favorable

interaction between the leading-edge vortices than the

coplanar canard. The use of a canard placed above the wing

caused a noticeable improvement in the lift-to-drag ratio for

the tested angles of attack of 10, 16, and 19 degrees. The

increase in the lift-to-drag ratio was 12 percent greater than

the lift-to-drag ratio for the coplanar model. It was

surmised that the more favorable lift-to-drag ratio of the

model with the canard positioned above the wing was due in
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part to the vortex and wakef low of the canard missing the wing

and therefore causing less interference. A more likely

explanation is that downwash suppressed the flow separation of

the wing and thus improved lift. [Ref. 10]

O'Leary and Weir demonstrated that the maximum CLusing a

close-coupled canard was 20 percent greater and at an angle of

attack 5 degrees greater than for a non-canard model. At

angles of attack from 0 to 36 degrees, the canard had little

effect on the slope of the lift versus angle-of-attack curve

for canard deflections of 0,-10,-20 degrees. A slightly

higher value for maximum CL was achieved with a canard

deflection of -20 degrees than with canard deflections of 0

and -10 degrees. A positive canard deflection of 10 degrees

reduced the slope of the lift curve. At a canard deflection

of -40 degrees, the maximum CL was reduced by approximately 20

percent. [Ref. 11]

The research by David W. Lacey at the David W. Taylor

Naval Ship Research and Development Center (now the David W.

Taylor Research Center) in the 1970's in the area of close-

coupled canard/wing interaction was quite comprehensive.

Lacey found that the increase in the maximum CL was mainly a

function of the ratio of the canard area to the wing area

(SfS,) and the canard placement in both the longitudinal and

vertical directions. The longitudinal position was measured

from the 0.25 mean aerodynamic chord of the wing to the 0.40

exposed root chord of the canard. For lift enhancement, it

9



was found that the ratio of the longitudinal canard position

to the mean aerodynamic chord of the wing with respect to the

centerline of the fuselage, x/c.ac, should be between 1.0 to

1.25. If the canard was mounted too far forward, the

canard/wing combination would actually generate less lift than

what the wing and canard could generate separately. ( It

should be noted that the long-coupled canard on the X-31 is a

control, and not a lifting, device.) It was determined that

the canard should be positioned so that the ratio of the

vertical distance from the plane of the wing to the mean

aerodynamic chord, z/cac, should be equal to 0.2. The trailing

edge of the canard and the leading edge of the wing should

never overlap, for a loss of lift results. The combination of

a proper selection of vertical and longitudinal position

maximized CL and L/D. Increasing the size of the canard

increased lift in a fairly linear fashion up to Sc/S, = 0.25.

Beyond 0.25 a sharp drop off in canard/wing lift effectiveness

resulted. [Ref. 6]

Lacey tested canards with a leading-edge sweep of 25, 45

and 60 degrees. Maximum lift was developed with the 60-degree

swept delta canard. Maximum L/D was developed with the 25-

degree high-aspect-ratio canard. A tradeoff study was

conducted and found that for maximum lift and L/D the 45-

degree canard should be chosen, closely followed by the 60-

degree canard. If any of the planforms were properly located

they would enhance lift. [Ref. 6]

10



Lacey noted the SAAB TN 60 report postulated that a

highly-swept canard delta wing should be chosen to maximize

the synergism between the canard and wing vortices for

increased lift. Lacey found that a 45-degree canard with a

25-degree swept wing also greatly enhanced lift, but in this

case neither the wing nor the canard generated the strong

leading-edge vortices "required" by the SAAB report. Lacey

postulated that the canard downwash delayed the leading-edge

stall of the wing in a manner similar to that of a leading-

edge slot. The canard could be thought of as a large low-drag

boundary-layer device. [Ref. 6]

It was shown that, with the canard in a high position

above the wing, the overall lift was actually less than the

wing/body alone configuration for angles of attack below 18

degrees. The interference that took place between the

flowfields of the canard and wing that caused this lift

degradation was not very well understood. It was thought that

destructive interference occurred when the wash of the canard

impinged upon the wing in an upward direction, which then

promoted flow separation on the wing and thereby caused a loss

of lift. Beyond an 18 degree angle of attack, the wash of the

canard impinged upon the wing in a downward direction, and

thereby delayed the onset of flow separation on the wing and

correspondingly increased the lift. [Ref. 6]

Deflecting the canard in 5-degree increments from -10 to

+10 degrees with the model at a fixed angle of attack resulted

11



in a change of CL of only 0.08. Positive canard deflections

for a main body angle of attack of 5 degrees were found to

increase drag and correspondingly decrease the maximum L/D

markedly. Slightly negative canard deflections increased the

maximum L/D because a 0-degree local angle of attack for the

canard minimized induced drag. [Ref. 6]

C. OSCILLATING CANARD

The next area of increased interest for lift enhancement

involves interactions between an oscillating close-coupled

canard and the main wing flowfield. Thus far few studies have

been completed in this area. Huyer and Luttges investigated

the flowfield interaction between the unsteady wake of an

oscillating canard upstream of a static wing. An NACA 0015

airfoil was used for both the canard and the main wing. The

main wing was mounted coplanar to the canard and 0.5 chord

lengths downstream. Main wing angles of attack of 10 and 20

degrees were used. The mean canard deflection angle was 15

degrees and the oscillation amplitude was +/- 10 degrees. The

canard was oscillated about the quarter chord with periods of

156 and 105 msec. Huyer and Luttges found that the dynamic

stall vortex from the oscillating canard energized the

boundary layer of the main wing which resulted in flow

reattachment at angles of attack far exceeding static stall

angles for the main wing. But the amount of enhanced lift was

12



not well quantified. No comparison was made to a static

canard and main wing case. [Ref. 121

Other studies have considered the flowfield due to an

oscillating canard for an X-29 aircraft model, but no lift-

enhancement results have been presented. [Ref. 13 and Ref. 14]

D. STATEMENT OF PURPOSE

From the previous work of others it is fairly well

understood that locating the canard in an optimum position

vertically and longitudinally will generate vortices that will

constructively interfere for maximum lift. Studies have not

been conducted for main wing/body angles of attack greater

than 36 degrees, nor have static canard deflection angle

increments of less than 5 degrees been used.

It is known that oscillating a coplanar canard separated

from the main wing by 0.5 chords will reattach the flow over

the main wing at angles far exceeding the normal stall angle

of attack for the main wing alone. The canard, however, was

not optimally located vertically and horizontally to maximize

lift enhancement, and only two main wing body angles of attack

of 10 and 20 degrees were used. Additionally, the lift

enhancement with the use of an oscillating canard was not

compared to the lift enhancement with a static canard. The

objectives of this investigation were to conduct

13



(1) A baseline study to find the lift and drag

characteristics of a low-aspect-ratio wing/body model from low

angles of attack to angles of attack beyond 36 degrees.

(2) A further study to find the comparative lift

enhancement using the same wing/body and a close-coupled

canard for wing/body angles of attack of 10, 22, 34, 40, and

48 degrees and canard deflection angles -25 to 25 degrees.

Upon completion of the above investigation a follow-on

study will be conducted to examine the lift enhancement of an

optimally-located oscillating canard for comparison to the

results of the static canard/wing configuration.

14



II. EXPERIMENT AND PROCEDURES

A. OVERVIEW

A close-coupled canard model was designed and constructed

at the Naval Postgraduate School. A calibration rig was then

designed and constructed to calibrate an existing external

strain-gage balance in the NPS low-speed wind tunnel. Data

were acquired from the signal conditioning assembly through a

digital multimeter, multiplexer and amplifier, and stored on

a floppy disk. The results were reduced to lift and drag

coefficients.

In a baseline run of the model without the canard, the

angle of attack of the wing and body model was varied from -8

to 50 degrees. The lift, drag, CL, and CD were then plotted

for the baseline run. Results from the baseline run were used

to determine the angles of attack of the main body and wing to

use for the canard runs. Under similar tunnel conditions as

the baseline run, the canard was varied from -25 to +25

degrees deflection for various wing/body angles of attack to

determine any lift enhancement through the use of a close-

coupled canard.

B. APPARATUS

The primary equipment used was the NPS low-speed wind

tunnel, external strain-gage balance and signal conditioning

15



assembly, balance calibration rig, canard/wing model, data

acquisition system, and data reduction software.

1. Wind Tunnel

The Naval Postgraduate School low-speed, single-return

wind tunnel is powered by a 100 hp electric motor coupled to

a three-blade variable-pitch fan and a four-speed truck

transmission. A set of stator blades immediately following

the fan assist in straightening the flow. A combination of

turning vanes at each corner and two fine-wire-mesh screens at

the entrance to the settling chamber help reduce the air flow

turbulence further. The settling chamber to test section

contraction ratio is about 10:1. [Ref. 15]

The test section of the tunnel operates at

approximately atmospheric pressure due to the use of

downstream vents. The test section measures 45 by 32 inches.

The corner lighting and reflection plane in the tunnel test

section reduce the tunnel height from 32 to 28 inches, which

results in an effective cross-sectional area of 9.88 square

feet. A remotely-controlled turntable mounted flush with the

reflection plane allowed the angle of attack of the model to

be varied. The temperature of the tunnel air was measured

with a dial thermometer mounted on the tunnel wall extending

into the settling chamber. Figure 3 shows the NPS low-speed

wind tunnel. [Ref. 15]
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The test-section dynamic pressure, q, was determined

by measuring the static pressure difference, Ap, between the

test section and the settling chamber using a water manometer.

The settling chamber and the test section each have four

static pressure taps that are connected to the manometer via

a common manifold. The pressure difference measured by the

manometer, in centimeters of water, was converted to the test-

section dynamic pressure and test-section reference velocity

from a previous calibration resulting in equations (1) and

(2). [Ref. 16 and Ref. 17]

(1)

q = 2.047(-.026749 + I.1149AP)

v- =(2)

Where :

p air density (slugs/ft^3)

AP manometer reading in cm of H20

q test-section dynamic pressure (lbf/ft2)

2.047 a constant converting cm of H20 to lbf/ft
2

1.1149 tunnel calibration factor

-.026749 tunnel calibration intercept

V reference velocity (ft/sec)

The wind tunnel calibration factor,1.1149, and tunnel

calibration intercept, -0.026749, corrected the manometer

reading, Ap, to test-section dynamic pressure, q. The

18



calibration factor was found by plotting the actual dynamic

pressure measured by a pitot-static tube mounted in the test

section versus the measured pressure difference. The

relationship was found to be linear, with the slope of the

curve being the tunnel calibration factor. The slope did not

pass through the origin, which resulted in there being a

tunnel calibration intercept with the y-axis. [Ref. 171

2. Canard/Wing Model

The canard/wing model was designed as a half-model for

compatibility with the existing reflection-plane balance

previously installed in the wind tunnel. The half-model was

of a generic agile-fighter fuselage with a low-aspect-ratio

close-coupled canard and wing. The model was fabricated from

mahogany by Naval Postgraduate School personnel. The canard

and wing of the model were reinforced with an aluminum core.

There were three main sections to the model: the ogive nose,

canard, and wing. The ogive nose and wing section were

permanently attached to one another by an aluminum base plate.

A large removable canard section allowed the canard to be

instrumented with an electric motor and controller so the

angle of attack of the canard could be varied remotely without

shutting down the tunnel. The model mounted flush to the base

of the tunnel reflection plane. The model angle of attack was

varied using the tunnel turntable. Figure 4 shows a sketch of
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the model. See Appendix A for the model design process and

the resultant geometric parameters.

12.1"

te- NOSE CANARD WING SECTION1

36"

Figure 4. Canard/Wing Model

3. Balance and Turntable

An external strain-gage balance and turntable, shown

in Figure 5, was originally designed and built by NPS

personnel in 1974 to facilitate the measurement of normal and

axial forces and pitching moment in the NPS low-speed wind

tunnel. Each external strain-gage bridge had four active legs

for automatic temperature compensation. The normal and axial

moments were measured by two orthogonal strain-gage bridges

cemented on the balance column separated by a vertical

distance of 26.5 inches. With the wind tunnel in operation

the force on the model created a different moment on the upper
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and lower strain-gage bridges. Once the balance was

accurately calibrated the voltage output from the lower and

upper normal or axial bridges could be converted to moments

and subtracted from one another, then divided by the vertical

separation of the bridges, to find the normal or axial force.

Any inherent moments on the model were removed from the

measurements by this process.

Unfortunately, prior to this thesis, the balance had

never been calibrated and some of the documentation, such as

the gage factor of the strain gages, was unavailable.

Drawings of the balance were found which gave the separation

distance between the strain gages and indicated that the

balance was designed to be capable of measuring forces up to

150 lbs. A balance calibration procedure and associated

calibration rig were then developed with the help of NPS

personnel and Reference 18. The calibration procedure and

associated calibration rig are described in Appendix B.

The balance and turntable were one rigid unit. When

the turntable rotated the balance column upon which the strain

gages were cemented rotated with it. The turntable was

controlled by an electric motor with hard-wired remote. The

model was attached to the top of the turntable platter. The

angle of attack of the model was varied using the tunnel

turntable.
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Figure 5. Tunnel Reflection Plane Balance and Turntable
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4. Data Acquisition Hardware

Each strain-gage bridge had an individual signal

conditioning assembly that supplied the excitation voltage.

The signal conditioning assemblies allowed their associated

strain-gage bridges to be zeroed and calibrated. Each balance

channel from the signal conditioner assembly was passed

through a 1000-gain low-noise amplifier. The signal was then

routed to the Hewlett-Packard relay multiplexer that sampled

each channel smquentially every 0.9 seconds. The sampling

period of the multiplexer could be varied, but it was found

that a sampling period less than 0.9 seconds caused an

unacceptable level of noise in the voltage output. A sampling

period greater than 0.9 seconds did not measurably reduce the

noise in the voltage output. A Hewlett-Packard digital

multimeter then converted the voltage output from each channel

from analog to digital. An IBM-AT microcomputer drove the

data acquisition software and Hewlett-Packard hardware and

stored collected data. A sketch of the data acquisition

system is shown in Figure 6. [Ref. 15]
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Figure 6. Data Acquisition System [Ref. 151
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